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SUMMARY 


This report describes the hybrid computer simulations of the General 
Electric QCSEE Under-the-Wing (UTW) experimental engine and control system. 

The system includes a variable-pitch fan, active inlet Mach number control, 
and a digital electronic control. The primary purpose of the simulations 
has been to develop a control system design with the following objectives: 

• Fast engine thrust response for powered-lift operations. 

• Fast thrust reversing capability. 

• Accurate, steady-state and fast response control of the engine 
where thrust variations are maintained within acceptable limits. 

Two hybrid simulations of the engine are used, one for forward thrust 
operation and one for forward to reverse thrust operation. The hybrid 
simulations for the engines and the control use both analog and digital 
computer equipment. The analog is used primarily for dynamics and the digital 
for function generation. 

Simulation results for throttle bursts from 62 to 100 percent net thrust 
predict that the experimental engine will meet the thrust response require- 
ment of 62 to 95 percent thrust in one second. Wlien transients are made 
from takeoff to maximum reverse thrust through stall, results predict that 
the experimental engine will achieve maximum reverse thrust in less than 1.5 
seconds; for the conditions investigated, safe engine operation is predicted 
for these transients. Simulation results for transients from takeoff to 
maximum reverse through flat pitch predict excessive fan speed; the indi- 
cation is that a cesign change to the control logic is needed to reduce 
peak fan speed outing these transients. Since reverse thrust transients 
through stall have been selected as the primary mode, the decision has 
been to delay changing the control logic design until there is adequate fan 
test dita in the flat pitch mode. 
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SUMMARY 


This report describes the hybrid computer simulations of the General 
Electric QCSEE Under-the-Wing (UTW) experimental engine and control system* 

The system includes a variable-pitch fan* active inlet Mach number control, 
and a digital electronic control. The primary purpose of the simulations 
has been to develop a control system design with the following objectives: 

• Fast engine thrust response for powered-lift operations. 

• Fast thrust reversing capability. 

• Accurate, steady-state and fast response control of the engine 
where thrust variations are maintained within acceptable limits. 

Two hybrid simulations of the engine are used, one for forward thrust 
operation and one for forward to reverse thrust operation. The hybrid 
simulations for the engines and the control use both analog and digital 
computer equipment. The analog is used primarily for dynamics and the digital 
for function generation. 

Simulation results for throttle bursts from 62 to lOU percent net thrust 
predict that the experimental engine will meet the thrust response require- 
ment of 62 to 95 percent thrust in one second. When transients are made 
from takeoff to maximum reverse thrust through stall, results predict that 
the experimental engine will achieve maximum reverse thrust in less than 1.5 
seconds; for the conditions investigated, safe engine operation is predicted 
for these transients. Simulation results for transients from takeoff to 
maximum reverse through flat pitch predict excessive fan speed; the indi- 
cation is that a design change to the control logic is needed to reduce 
])oak fan speed during these transients. Since reverse thrust transients 
through stall have been selected as the primary mode, the decision has 
been to delay changing the control logic design until there is adequate fan 
test data in the flat pitch mode. 
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INTRODUCTION 


The major purpose of the QCSEE Program is to develop and demonstrate the 
technology required for propulsion systems for quiet, clean, and economical 
commercial STOL aircraft. Two of the elements of this comprehensive program 
are lo provide the digital electronic engine control technology required to 
control a variable-pitch fan engine and to improve engine thrust response. 

The UTW experimental engine propulsion system is currently being de- 
veloped. Three key features of this system are a gear driven, variable-pitch 
fan, an active inlet duct Mach number control, and a digital electronic 
control with a 4000 word core memory. The variable-pitch capability of the 
Ian is utilized in both steady-state and transient control of the engine in 
the forward thrust mode. Engine thrust reversal is achieved by pitch angle 
changes which reverse the fan tip airflow. The inlet duct Mach number con- 
trol maintains a nominal 0.79 Mach numbi.T at the throat of the inlet during 
high power, forward thrust operation. Maintaining the inlet Mach number is 
needed to meet engine noise goals. The digital electric control contains the 
necessary logic to achieve fast, stable, and safe engine operation in both 
forward and reverse thrust modes. 

'fwo hybrid simulations of the UTW variable-pitch fan engine have been 
used to develop the design for the digital electronic control. One has been 
used for design studies concerned with forward thrust operation; the second 
has been used for studies concerned with reverse thrust operation. These 
simulations have provided the capability to analyze and predict the stability 
and transient response of the engine and control system in each of the above 
thrust modes. 

The analytical models for the UTW variable-pitch fan engine in the 
forward and the reverse thrust operating modes include the FlOl core engine 
and low pressure turbine; the UTW variable-pitch fan is driven by this low 
pressure turbine through a main reduction gear. The an;;lvtijal models for 
liydromjchan ical components in the nozzle area, fuel, and compressor stator 
contrc’ls are based on current technology and test experience. Dynamic testing 
of the* advanced fan pitch actuation system is scheduled for completion in 
late 1977 ; tlierefore, experimental verification of the model for the fan 
pilch actuation system is pending. 

The hybrid s imu lat ions of the U'Hs’ engine and controls were constructed 
at the General Electric AECJ Dynamic Analysis Simulation Center. The simu- 
lations were implementeii on an Electronic Associates, Inc. b90 Hvbrid Corn- 
put ing System. The engine simulation for forward tiirust operation was veri- 
fied by a comparison with cycle deck data from the QCSEE preliminary tech- 
nical requirements. The simulation for reverse thrust operation in the 
transition region between forward and reverse is based on a limited amount of 
CiE and NASA test data from engines with similar fans; it is expected that 
dill a from future testing of the QCSEE UTO fan will provide the means for 
verifying this simulation. 


The next section of this report summarizes key characteristics of the 
UTW engine and also describes the general structure of the control system. 
This is followed by a discussion of the analytical rooiiel , wliich Is the matlie- 
matical representation of the engine and control system. This section de- 
scribes the models for the UTW engine in the forward and reverse thrust modes 
and also the d>^amic models for the fan speed, inlet duct Mach number, engine 
pressure ratio, and the core compressor stator controls. Next, the hybrid 
simulation is discussed: techniques used in simulating the analytical model 
and details on verifying the simulation are presented. The remainder of this 
report contains simulation results for forward and reverse thrust transients 
at the sea level static, standard day condition. 

The UTW hybrid simulation has been used to simulate the effect of se- 
lected frictions, backlashes, deadbands, etc. to predict steady state hunting 
of the control system. The simulation also has been used to predict the 
transients which would be caused by selected control failures. 
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UTW EXPERIMENTAL PROPULSION SYSTEM 


Engine I 

i 

The UTW experltnentel propulelon eyetea, ehown in Figure 1, features: e 
composite high Msch (sccelerstlng) Inlet; a gear-driven, variable-pitch fen 
with composite fan blades; a composite fan vane-frame; a treated fan duct 
with an acoustic splitter ring; a variable geometry fan exhaust notsle; an 
advanced (FlOl) core and low pressure turbine; s treated core exhaust nossle; 
top-mounted engine accessories; and a digital electronic control system ' 

combined with a hydromechanlcal fuel control. 

The UTW experimental propulsion system is designed to provide 81,398 N 
(18,300 lb) of unlnstslled thrust and 77,395 N (17,400 lb) of Installed 
thrust at takeoff on a 305.6 K (90* F) day. 

The fundamental design criterion which established the engine design 
approach was the fan engine cycle required to meet the noise objective. The 
fan and core exhaust pressurs rstlos were dictated by Jet-flap noise con- 
straints. Analysis ind'i'*atcs that, when scaled In accordance with the speci- 
fied ground rules, r'.ie c»;5ine will meet all of the program noise objectives. 

The fan is a low pressure ratio (1.27), low tip speed [289.6 m/sec (950 
ft/sec)] configuration sized to provide 405.5 kg/sec (894 Ib/sec) of corrected 
airflow, at takeoff power setting. It contains 18 composite, variable-pitch 
fan blades and is driven by the FlOl low pressure turbine through a main 
reduction gear. The fan is capable of blade pitch change from forward to 
reverse thrust through either flat pitch or stall pitch. The fan variable- 
pitch actuation and control systems sre designed to move the blades from 
their forward thrust position to reverse in O.BO to 0.95 seconds. 

The fan exhaust nozzle is a variable-area, four-flap design capable of 
area change from takeoff to cruise, as well as opening to a flared position 
to form an inlet in the reverse thrust mode. The nozzle flaps are hydrauli- 
cally actuated. 


Control System 

The UTW engine control system controls four variables (engine pressure 
ratio, fan speed, inlet duct Mach number, and compressor stator angle) to 
achieve an optimum balance between thrust, fuel consumption, noise, exhaust 
pollution goals, and transient response. Control of engine pressure ratio, 
fan speed, and inlet duct Mach number is achieved by manipulating fuel flow, 
fan blade pitch angle, and exhaust nozzle area, respectively. 



Digital Control 


■tiMa 



Figure I. UTW Experimental Propulsion System 





Th« design incorperstst two basic control cooiponcncs, an angina-aountad 
digital alactronic control dasignad spacifically for tha QCSEE, and a aodi- 
fiad FlOl hydrooMchanical fual control. Tha digital alactronic control 
provides tha priaary control and Halting of angina variables. Tt aodifias 
the fual flow daasnd of tha hydroaachanical fuel control, which also acts as 
a backup and provides acceleration and deceleration liaits. 

Tha priaary daaign raquiraaenta for tha overall control systea are: 

a Thrust control throughout specified flight aap with ainiaua 
pilot workload 

a Fast thrust response 

1.0 second from 621 to 951 forward thrust 

1.5 seconds froa takeoff to naxiaua reverse thrust 

a Specified noise and pollution goals 

The general structure of the control system is shewn in Figure 2. The 
digital electronic co::trol is the heart of the systea and controls the manip- 
ulated variables in renponse to conaands representing those which would be 
received froa an aircraft propulsion systea cosiputer. The systea include.) a 
hydroaechanlcal control which incorporates sn electro-hydraulic servovalv-* 
through which the digital control aaintains priaary control of the fuel ilow. 
The fuel-operated servooechanisas in the hydroaechanlcal control serve prl- 
aarily as backup fuel-controlling elesvints and acceleration/deceleration 
liaits although they are the primary controlling eleaents for the core coa- 
pressor stators. 

An FlOl fuel puap is used for supplying engine fuel, for operating 
servomechanisms In the hydroaechanlcal control, and for providing a source of 
high pressure fuel for operation of the actuators which position the core 
compressor stator vanes, A varlsble-dlsplaceaent, constant-pressure hydraulic 
pump supplies fluid for operation of the actuators which position the fan 
nozzle and the hydraulic aotor which drives the variable-pitch actuation 
mechanisms. 

The experimental system includes both automatic and manual operating 
modes. The automatic mode provides Integrated control of engine variables to 
permit exploration of steady-state and transient characteristics of the 
engine. The manual mode and several partial-automat. c/partial-manual modes 
provide experimental flexibility to allow independent manipulation of con- 
trolled variables so that engine characteristics can be completely mapped. 

The definition of the automatic control node was aade primarily on the 
basis of a tolerance analysis. This anal''t'is used a coaputer program which 
evaluated many potential modes. The modes were evaluated relative to the 
accuracy with which they aaintain key engine variables when subjected to 
typical control and engine isanufacturing tolerances, sensing tolerances, and 
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The design incorporates two basic control components, an engine-mounted 
digital electronic control designed specifically for the QCSEE, and a modi- 
fied FlOl hydromechanical fuel control. The digital electronic control 
provides the primary control and limiting of engine variables. Tt modifies 
the fuel flow demand of the hydromechanical fu<^l control, which also acts as 
a backup and provides acceleration and deceleration limits. 

The primary design requirements for the overall control system are: 

• Thrust control throughout specified flight map with minimum 
pilot workload 

e Fast thrust response 

1.0 second from 62Z to 95Z forward thrust 

1.5 seconds from takeoff to maximum reverse thrust 

• Specified noise and pollution goals 

The general structure of the control system is shown in Figure 2. The 
digital electronic co.:trol is the heart of the system and controls the manip- 
ulated variables in response to commands representing those which would be 
received from an aircraft propulsion system computer. The system include.^ a 
hydromechanical control which incorporates an electro-hydraulic servovalv"* 
through which the digital control maintains primary control of the fuel ilow. 
The fuel-operated servomechanisms in the hydromechanical control serve pri- 
marily as backup fuel-controlling elements and acceleration/deceleration 
limits although they are the primary controlling elements for the core com- 
pressor stators. 

An FlOl fuel pump is used for supplying engine fuel, for operating 
servomechanisms in the hydromechanical control, and for providing a source of 
high pressure fuel for operation of the actuators which position the core 
compressor stator vanes. A variable-displacement, const. ant -pressure hydraulic 
pump supplies fluid for operation of the actuators which position t ;e fan 
nozzle and tlie hydraulic motor which drives the variable-pitch actuation 
mechanisms. 

Tlie experimental system includes both automatic and manual oper.nting 
modes. Tiie aut«>matic mode provides integrated eontrol of engine variables Co 
permit exploration of steady-state and transient eh.Tracterist ics of the 
engine. The manual mode and several part lal-autom.it . c/part i.al-manual modes 
provide experimental flexibility to allow Independent manipul.it ion of eon- 
trolled variables so that engine characteristics can be completely mapped. 

The definition of the automatic control mode was made primarily on ! he 
basis of a tolerance analysis. This ana'. :is used a computer program which 
evaluated m.iny potential modes. The modes were evaluated relative to the 
accuracy with which they maintain key engine variables when subjected to 
typical control and engine manufacturing tolerances, sensing tolerances, and 
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FiK’ire 2. QCSEE U*n^ Control Svstrr' Sch€*matic, 

















hardware decerloraclon. Scheduling practicality, stability, response, and 
failure considerations were also factors in choosing the control mode. The 
automatic mode chosen from the above studies is one in which fuel flow is I 

manipulated to control engine pressure ratio (PS3/PT0 which is a variable 1 

related closely to thrust), fan pitch is manipulated to control fan speed, and j 

fan nozzle area is manipulated to control inlet duct Mach number (a key > 

inlet noise parameter) . 
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ANALYTICAL MODEL 


The analytical model represents the functional relations that exist be- 
tween the variables of the QCSEE UTW engine and control system. The engine 
portion of the model is based on the steady-state conservation equations of 
the cycle deck with the addition of significant dynamics. The model included 
two different representations of the engine. One is used for hybrid simu- 
lation studies concerned with the forward thrust mode, and the second for 
studies on the reverse thrust mode. The model contains detailed representa- 
tions of the primary control system components, which are the fan speed con- 
trol, the inlet duct Mach number control, and the engine pressure ratio and 
compressor stator controls* The contents of these models are discussed in 
the following sections* 


Forward Thrust Engine Model 

General- The engine model is based on the digital cycle deck used to 
generate the QCSEE preliminary technical requirements. Significant dynamics 
represented are rotor dynamics, heat soak, and combustion delay. The tran- 
sient effects of heat soak, combustion delay, and compressor stator error 
are based upon past experience with the FiOl core engine. Distortion and 
reingestion effects are not included in the model. The component models 
use overall component maps with the exception of the variable-pitch fan. 

Mixing of gas flows has been lumped at the engine stations where a temperature 
calculation is necessary in order to conserve memory and equipment. Figure 3 
illustrates the information flow between components in the forward thrust 
engine model and should help the reader in understanding the description for 
individual components discussed in the following paragraphs. 

Inlet - The inlet model receives flight altitude, Mach number and tem- 
perature increment from standard day ambient temperature as determined by the 
desired flight condition. Fan front face total flow is received from the 
fan when the inlet is in the installed mode. Outputs are free stream pres- 
sure and temperature, inlet throat static and total pressures, and fan front 
face total temperature and pressure. The inlet is assumed ideal with a 
specific heat ratio of 1.4. No distortion or roingestion effects are con- 
sidered. The only dynamics are to provide inlet simulation stability in the 
Installed mode which produces a total pressure drop between inlet throat and 
fan front face. 

Fan ^ The fan model receives front face total temperature and pressure 
from the inlet, physical speed from the LP rotor, pitch angle from the con- 
trol, compressor inlet flow from the compressor, and bypass Jet nozzle flow 
from the fan nozzle. Outputs are fan hub and tip discharge total temperatures 
and pressures, and hub and tip horsepowers. Tlie variable-pitch fan map is 
based on the cycle deck representation which uses corrected inputs to perform 
standard day calculations that are uncorrected lo obtain the pioper results. 
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Reynolds number effects are assumed to be insignificant. The only dynamics 
in the simulation of this model come from an internal iteration on the fan 
map work function. 

Fan Nozzle - The fan nozzle model receives fan tip discharge total tem- 
perature and pressure from the fan, free stream pressure from the inlet, 
and bypass jet nozzle throat actual area from the control. The representation 
is steady state since an investigation of the duct volume indicates time con- 
stants of less than 8.0 msec on nozzle flow. The total pressure drop from 
fan tip discharge to bypass Jet nozzle throat was linearized as a function 
of the square of downstream flow function. 

Compressor - The compressor model receives fan hub discharge total tempera- 
ture and pressure from the fan, compressor discharge total pressure from 
the combustor, physical speed from the HP rotor, and off-stator error from 
the control. Produced are compressor inlet and discharge airflows, com- 
pressor discharge total temperature, compressor horsepower, and cooling 
flows and enthalpies. Reynolds number effects are assumed negligible and 
omitted. Compressor inlet total pressure drop is linearized with respect to 
inlet flow function between ground idle and takeoff power levels. The 
off-stator error (DLBETA) is used to modify compressor airflow based on 
experience with previous representations of the FlOl core compressor. The 
only dynamics are due to heat soak which produces an effective lag in com- 
pressor discharge total temperature. 

Combustor - The combustor model receives compressor discharge airflow 
and total temperature from the compressor, high pressure turbine inlet 
total pressure from the HP turbine, and fuel flow from the control. Produced 
by the simulation are combustor discharge gas flow, compressor discharge total 
and static pressure, and HP turbine first-stage nozzle inlet total tempera- 
ture. The total pressure drop across the combustor is linearized with 
respect to compressor discharge flow function, as is the drop from total 
to static pressure at the compressor discharge. Both linearizations are 
based on values at ground idle and takeoff power conditions. The only 
dynamics are due to a combustion delay between the fuel flow produced by the 
control and the fuel burned in the engine which is based on experience with 
the FlOl combustor. 

Mixing - Mixing of primary gas flow and cooling flow occurs at several 
points In the model and is basically the same at each. Inputs are the 
primary gas flow and its total temperature and the cooling flow and its 
enthalpy. Steady-state conservation of energy is then used to solve the 
resulting total temperature. Outputs are gas flow and total temperature 
after mixing. There is no effect on total pressure. 

Mixing prior to the high pressure turbine differs from the other mixing 
models due to tin* dynamics of a heat soak calculation which produces a lag- 
ged total tempeiature output. These dynamics are based on previous experi- 
ence with similar conf igurat ions . The other mixing models have no dynamics; 
small filters are used to stabilize the simulation of these mixing models. 
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High Pressure Turbine - The high pressuve turbine model receives rrtor 
Inlet gas flow and total temperature from a roirer, low pressure turbine Inlet 
total pressure from the LP turbine, and physical speed from the HP rotor* 
Produced are HP turbine Inlet total pressure, alscharge gas flow, discharge 
total temperature before mixing, and horsepower. To conserve memory, the 
overall component maps of the cycle deck were refit to provide the desired 
accuracy using a fever number of points. Volume dynamics are not Included 
because their natural frequencies are significantly higher than the frequency 
range to be represented by the model. The only dynamic effect Is a 20 milli- 
second lag on HP turbine Inlet gas flow which Is necessary for simulation 
stability. 

Low Pressure Turbine - The low pressure turbine model receives rotor 
inlet gas flow and total temperature from a mixer, discharge total pressure 
from the core nozzle, and physical speed from the I.P rotor. Produced are LP 
turbine Inlet total pressure, discharge gas flow, discharge total tempera- 
ture before mixing, and horsepower. To conserve memory, the overall component 
maps of the cycle deck were refit to provide the desired accuracy using a 
fewer number of points. Volume dynamics are not Included because their 
natural frequencies are significantly higher than the frequency range to be 
represented by the model. The only dynamic effect is a 25 millisecond lag on 
LP turbine Inlet total pressure which Is necessary for simulation stability. 

Core Nozzle - The core nozzle model receives low pressure turbine frame 
discharge gas flow and total temperature from a mixer, and free stream 
pressure from the Inlet. The representation Is steady state, l.e., no 
volume dynamics. The total pressure drop from primary jet nozzle throat to 
low pressure turbine discharge was linearized with respect to the square of 
the downstream flow function using the values at the ground idle and takeoff 
power conditions. 

Rotor Dynamics - Rotor speeds are computed by using the conservation of 
angular momentum. The fan (LP) rotor receives fan tip and hub horsepowers 
from the fan, low pressure turbine horsepower from the low pressure turbine, 
and a horsepower loss term. The horsepower loss term is an empirically 
determined function based on cycle deck data. All moments of Inertia 
have been reflected to the fan side of the gearbox. Using this inertia, a 
dynamic value for fan physical speed is calculated. 

For the core (HP) rotor, a dynamic HP compressor physical speed is calcu- 
lated using the core inertia and horsepowers from the compressor, HP turbine, 
HP rotor loss calculation and desired customer power takeoff. The HP rotor 
horsepower loss calculation is based on empirical fit of cycle deck data. 

Reverse Thrust Engine Model 

The model of the UTW engine for reverse thrust includes the same core 
engine components as used in the forward thrust engine model; the reverse 
inlet, fan, and fan nozzle are different. Due to digital memory limitations 
of the hybrid computer used, it was not possible to implement the cycle 
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deck repreucntatlons for the reverse inlet, fan, and fan nozzle. For this 
reason, the reverse thrust model Is not as accurate as might be desired in 
either the forward or reverse mode. However, the slight loss of steady-state 
accuracy is Judged to be of minor importance, since the transition region 
between forward and reverse is not defined in the cycle deck. As shown in 
Figure 4, the model is constructed with two different paths or modes de- 
pending on the direction of fan front face total flow (W2A) . The forward 
mode occurs when W2A is greater than zero. The reverse mode occurs when W2A 
is less than or equal to zero. Additional logic to provide a smooth 
transition between the modes is another necessary portion of the model. 

In the forward mode, the inlet of the reverse thrust model is the same 
as used in the forward thrust model. In the reverse mode, the inlet 
functions as a nozzle by calculating a back pressure for the fan. The 
inlet /nozzle uses the free stream pressure from the standard inlet, fan pitch 
angle from the control, and fan front face flow and total temperature from the 
fan to calculate fan front face pressure. Also calculated is reverse 
thrust due to the fan. 

Three different fan maps are used in the reverse thrust model depending 
on whether the fan is in the forward, reverse through stall, or reverse 
through flat pitch mode. The forward mode fan map uses a flow map acquired 
from NASA, and both reverse flow maps are based on the NASA technique. 
Modifiers to extend the fan flow maps through the transition region are 
based on CK and NASA test data from similar fans. 

In the forward mode, the fan receives fan front face total temperature 
and pressure from the inlet, pitch angle from the control, physical speed 
from the fan rotor, compressor inlet airflow from the compressor, and fan 
tip discharge total pressure from the fan nozzle. Efficiency is curve fit 
as a function of pressure ratio and corrected fan speed. Produced are fan 
tip and hub total temperatures, fan front face flow, bypass Jet nozzle flow, 
hub discharge total pressure, and tip and hub horsepower. 

In tlie reverse mode, the fan receives front face total pressure from iUc 
inlet, tip discharge total temperature and pressure from the fan nozzle, 
compressor inlet airflow from the compressor, pitch angle from the control, 
and physical speed from the LP rotor. Efficiency Is assumed to bo constant. 
Proiluced are fan front face flow and total temperature, bypass Jt'l nozzle 
flow, and tip and hub horsepowers. None of the fan representations include 
dynamic effects. 

In the forward mode, the nozzle of t lie reverse thrust model receives 
fan tip discharge total temperature and bypass jet nozzle flow from the 
fan, bypass Jet nozzle throat actual area from the control, and free stream 
pressure from the inlet. Produced is fan tip discharge total pressure. In 
tlie reverse mode, the nozzle receives free stream temperature and pressure 
from the Inlet,, and bypass Jet nozzle flow from the fan. Produeed are fan 
lip aiui hub dlseharge total temperatures and pressures. No volume dynamics 
are used. 
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The schematic of the fan speed control model is shown in Figure 5. The 
model Includes representations for the digital electronic and the hydro- 
mechanical portions of this control. The digital electronic portion contains I 

the fan speed, the fan pitch floor, and the fan pitch roof controllers; for | 

a forward thrust command, the output from one of these controllers is selected 
to control the hydraulic motor and thus manipulate fan pitch. For a reverse 
thrust command, control of the hydraulic motor Is switched to the reverse 
pitch controller. The hydromechanical portion of the fan speed control model | 

Includes a servovalve, hydraulic motor, and a gear drive assembly. The j 

following paragraphs discuss the combined operation of the digital electronic ; 

controllers and the hydromechanical actuation system. Next, details In- • 

eluded in the models for the digital electronic and hydromechanical portions 
are described. 

Control Operation - The primary control mode for high power, forward 
thrust conditions is the manipulation of fan pitch to control fan speed. 

The inputs to the fan speed controller are (1) the difference between the 
scheduled and sensed fan speed, and (2) the sensed position of the hydraulic 
motor which positions the fan blade pitch. When the sensed pitch angle is 
within the prescribed roof and floor limits, the output of the fan speed 
controller is selected and determines the torque motor current output (Ig) 
from the digital control. This current positions an electro-hydromechanical 
servovalve which is ported to the hydraulic motor. The magnitude and 
polarity of the current (Ig) determines the magnitude and direction of 
hydraulic flow to the motor - and thus the rate and direction of motor 
rotation. The motor shaft is geared to the fan blades and thus positions 
their pitch angle. 

The output of the motor position sensor feeds back to the fan speed 
controller, which computes the rate of change of sensed motor position. 

This rate signal is fed through a first order lag before it is subtracted 
from a signal which is proportional to fan speed error. For small per- 
turbations, the transfer function from fan speed error to fan pitch angle 
is approximated at low frequencies by; 

AFan Pitch ^ K(0.3 S-Fl) 

AFan Speed Error S 

The lead time constant in this transfer function is due to, and thus equ.il to, 
the time constant of the above mentioned first order lag in the feedback to 
the fan speed controller. In summary, the fan speed - pitch control is an 
integrating type control with lead compensation. The lead time constant is 
sized to compensate for the engine lag from fan pitch angle to fan speed 
and, thus, provide adequate stability margin for accurate, fast response 
fan speed control. 


15 












The fen picch floor and roof controllers limit the pitch angle to maxi- 
mum and minimum values in the forward thrust mode. Both of these controllers 
use the lagged rate feedback technique discussed above and produce the follow- 
ing transfer function characteristics at low frequencies: 

APan Pitch ^ K(0.3 S-t-1) 

APitch Position Error S(0.1 S+1) 

Thus each is an integrating-type position control, for accuracy considerations. 

The floor schedule, which is a function of power setting, feeds the 
floor controller. If the fan speed controller requests a pitch position more 
closed (positive) than the floor schedule, the pitch floor controller output 
is selected and controls the motor position. During throttle bursts from 
approach to takeoff power conditions, the transient reset logic biases the 
floor schedule four degrees in the opened (negative) direction until the fan 
accelerates to within 3 percent of the final speed. This reset action is a 
contributing factor in achieving the required acceleration time to 95 percent 
thrust. 

The purpose of the roof limit controller is to protect against fan stall 
during transients in the forward thrust mode. This controller is selected to 
control the hydraulic motor when the fan speed controller requests a pitch 
angle further open than the roof limit. 

For a reverse thrust consnand, control of the hydraulic motor is switched 
to the reverse thrust controller. The dynamic design of this position con- 
trol is the same as the floor and roof controls. Transient time from takeoff 
to reverse pitch position is 0.80 to 0.95 seconds. 

Digital Electronic Portion of Speed Control - The simulation has been 
used to develop the design and specifications for the digital electronic 
portion of the fan speed control. Appendix A contains the block diagrams and 
the specifications for gains, time constants, limits, and schedules which de- 
fine the digital electronic portion of this control for the first build of 
Che UTW experimental engine. The model used In simulation studies represents 
chose details In Appendix A which have been essential to develop/evaluate Che 
steady-state stability and transient response of Che UTW experimental engine 
and overall control system. The model Includes Che Appendix A specifications 
for gains, time constants, limits, fan pitch floor and roof schedules, 
transient reset logic, and switching logic between automatic forward and 
reverse thrust. Because of computer facility limitations when the UTW 
simulation was being developed, the takeoff speed schedule (function of PTO 
and T12) and the logic for detecting a failure In one of the position feed- 
back sensors arc not included in the simulation; the ludgment Is that these 
items are not essential in predicting stability and transient response at 
experimental engine test conditions. Also It should be noted that the part 
power fan speed schedule In the simulation Is set at a constant equal to 
3067 rpm, which is the fan speed at the takeoff, sea level static, standard 
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day condition. This schedule has not been developed for low power setting 
conditions due to limitations in the QCSEE cycle deck definition for the fan; 
final development of this schedule should be accomplished after fan perfor- 
mance tests on the QCSEE experimental engine. 

The model includes 0.01 second lag time constants for the torque motor 
driver amplifier, speed sensor, and hydraulic motor position sensor. The 
effect of the digital control computer time delay is approximated by an 
analog type representation which is based on current estimates for total 
cycle time of the control computer and on sample data effects of digital to 
analog conversion (Reference 2) . The representation for digital control 
computer time delay is discussed in the report section on techniques used in 
the "Hybrid Simulation." 

Fan Pitch Hydromechanical Actuation System • Two fan pitch hydromechanl- 
cal actuation systems are being developed as a part of the UTW experimental 
engine program. A hydraulic motor /harmonic drive/cam system is being de- 
veloped by the Hamilton Standard Division of United Technologies Corporation 
(HS) under subcontract to the General Electric Compsnv. a hydraulic motor /ball 
spline actuation system is being developed by GE. A description of the hard- 
ware for these two actuation systems is contained in the UTW Engine Digital 
Control System Design Report (Reference 1) . 

Both detailed and simplified models of these two actuation systems have 
been constructed. The detail models of the HS and GE actuation systems have 
been used primarily in simulation studies on performance as affected by the 
hydromechanical component characteristics and limits; for example, gearbox 
friction, motor friction, allowable peak motor speed, etc. These detail 
models have been based on information supplied by HS and GE component design 
engineers. A description of these models and the simulation study results 
are presented in the control system design report (Reference 1). 

Because of computer facility limitations, simplified models for the HS 
and GE actuation system designs have been constructed for use in simulation 
studies associated with overall engine-control system steady-state and tran- 
sient response. The representation for the no-back is simplified in these 
models; hydraulic pump dynamics are not included. The frequency response 
(1 to 5 Hz range) for both simplified models has been compared with the fre- 
quency response from the respective detail model; reasonable agreement has 
been demonstrated in each case. 

The simplified model for the GE actuation system design was used in 
early simulation studies on engine-control system hunting at the takeoff 
power setting; results of this hunting lnvestlgati.on are discussed in the 
control system design report (Reference 1). Subsequently, NASA and GF 
selected the HS design to be the primary actuation system for the first 
build of the UTW experimental engine. Engine-control system dynamic response 
with the HS design is discussed in the results section of this simulation 
report. 
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The simplified model for the GE actuation system design is described by 
the block diagram in Figure 6. This model Includes the servovalve dynamics 
and also the effect of motor pressure drop (APm) on servovalve flow (Qgv) *nd 
motor leakage flow (Qlm) • Hydraulic motor speed (Nh) is represented as a 
linear function of the difference between Qgv <*nd Qyic (Note: Motor and gear 
assembly inertias are not included in this m^el because the frequency range 
of concern is five Herts or less; the inertias do not have a significant 
effect in this frequency range.) The fan blade aero load is approximated by 
a linear function of blade position (ROPDEC) ; this approximation is sised for 
the ROPDEG range at the takeoff power condition. The operation of the no- 
back is simulated by the logic in Figure 6, which switches as a function of 
motor speed (Nm) being less than - 8rpm. When operating at forward thrust 
blade angle positions, this logic provides a reasonable representation of 
whether fan blade loads are transmitted through the no-back upstream to the 
motor. 

The simplified model fer the HS actuation system design is described by 
the block diagram in Figure 7. This model includes the dynamics associated 
with the servovalve and the /alve pressure drop. The difference between 
servovalve flow (Qbv) and p tor displacement flow (Qh) Is used to calculate 
motor pressure drop (APm) , based on the bulk modulus effect in the servovnlvc 
lines to the hydraulic motor. The equation used in the simulation is: 



The dynamic representations for the hydraulic motor and the do%mstream gr ir- 
box/harraonic drive/cam assembly arc coupled by the flex shaft spring rate; 
lumped inertias are used in each representation. Friction and fan blade aero 
loading are included. The operation of the no-back is approximated by the 
logic in Figure 7, which switches as a function of downstream gearbox input 
shaft speed (Nc) being less than - 20 rpm and also the direction of the total 
load torque (Tl) . The load torque produces a twisting moment to close the 
fan blades when Tl - 0 and to open when Tl < 0. In the forward thrust mode, 
Tl i 0; whereas, Tl < 0 during reverse thrust operation. The switching logic 
for Tl 0 was not included in the actual simulation: and the simulation 
predicts a transient time to reverse no more than 0.03 second less than had 
the logic been included. 


Inlet Duct Mach Number Control 

The schematic of the inlet duct Mach number control is shown in Figure 8. 
The model Includes representations for the digital electronic and hydromcchan- 
Ical portions of this control. The digital electronic portion contains the 
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Inlot duct Mach luimbcr controller, the area roof controller, and the area 
floor controller; for a forward thrust command, the output from one of these 
controllers is selected to control the position of the hydraulic actuators 
and thus manipulate fan exhaust nozzle area. For a reverse thrust comnwind, 
control of the actuators^ position is switched to the reverse area controller. 
The hydromechanical portion of the Inlet duct Mi^ch number control model in- 
cludes a servovalve, hydraulic actuators, and the linkage relation between 
actuator position and nozzle area. The following paragraphs discuss the com- 
bined operation of the digital electronic controllers and the hydromechanlcal 
actuation system. Next, details included in the models for the digital 
electronic and hydromechanical portions are described. 

Control Operation - The primary control mode for high power, forward 
thrust conditions is nuinipulat ing the nozzle area to control the inlet duct 
Mach number. The inputs to the inlet duct M;ich number controller are (1) the 
difference between the constant reference and sensed values for (PTO-PSll)/ 
PTO, and (2) the sensed position (X18) of the nozzle actuators. (PTO-PSII)/ 
PTC is a function of average Miich number at the throat of the inlet; PSll is 
the static pressure at the throat; PTO is from a total pressure probe mounted 
on the engine nacelle and is proportional to the inlet total pressure. The 
above pressure ratio refe»*ence is a constant equivalent to a 0.79 Mach number. 
Miiintaining the inlet Mach number is needed to meet engine noise goals. When 
the sensed nozzle actuator position Is within the prescribed roof and floor 
limits, the output of the inlet Mach number controller is selected and deter- 
mines the torque motor current output (Ia) from the digital control. Tills 
current positions a servovalve which is ported to hydraulic actuators. Tlie 
magnitude and polarity of the current (Ia) determines the magnitude and 
direction of hydraulic flow to the actuators and, thus, the rate and direction 
of actuator motion. The actuators are linked to and, therefore, detemilne the 
exhaust nozzle area. 

The output of the actuator position sensor feeds back to the inlet Mach 
number controller, which computes the rate of change of sensed actuator 
position. This signal is fed through a first order lag before it Is sub- 
tracted from a signal which Is proportional to lnl»'t AP/P error. For snuill 
perturbations, the transfer t unction from (PTO-PSl 1)/PT0 error to nozzle 
area is approximat ed at low frequencies by: 
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TIu' lead-t Ime Ciuisianl la iliis transfer function is due Lo, and t luis equal 
to, the time constant of the above mentioned lag In the feedback to the Inlet 
M»ch number controller. Thus, the inlet M.ich number-nozzle area control Is 
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an integrating type control with lead compensation and has been designed to 
provide adequate stability margin for accurate control of Inlet Mach number. 

The model Includes the nozzle area roof control ler« which limits maximum 
opening of the nozzle. This controller has been designed to produce the 
following transfer function characteristics at low frequencies: 

A Are a ^ K 

A Area Position Error S 

Therefore^ this roof control is an integrating type position control for 
accuracy consideration. 

The roof schedule is a function of power setting. If the inlet Mach 
number controller requests an area more open than the roof schedule, the roof 
controller output Is selected and controls the of the nozzle actu- 

ators. The roof schedule (a function of power setting) ha.s been designed to 
work In conjunction with the fan speed-pitch control. As power setting is 
reduced from the takeoff position and the fan speed control closes the pitch 
angle to maintain the fan reasonably close to the takeoff speed, the roof 
schedule limits the nozzle opening in order to limit inlet Mach number at 
0.79. This protects against high inlet pressure losses which are predicted 
in the range above 0.83 Mach number and also helps to protect against thrust 
decay on rapid thrust transients to takeoff. The roof schedule allows area 
to open until 80 percent power setting. At lower power settings a constant 
maximum area is scheduled; this prevents flow separation at the exhaust 
nozzle. Tims, at power settings below 80 percent, inlet M.icli number drops 
below the 0.79 reference value. 

Ouring throttle bursts from approach to takeoff power conditions, the 
transient reset logic biases the roof schedule 1290 enr (200 in.^) closed 
until (TTO-rSl 1) /PTO increases to within 0.05 PSIA/PSIA of the final 
(PTO-rSl 1) /TTO at takeoff power. Tills reset action contributes to the rapid 
initial rise in thrust and also reduces overshoots of the 0.79 Mach number 
limit during the transient to takeoff power. 

The nozzle area floor limit controller limits the minimum opening of 
the no.tzle. This floor limit control has the same dyn.tmic design as the 
roof limit control. 

On a reverse Ihriisl coimnand, control of the nozzle actuators is switched 
to the reverse area controller. With exception of the schedules, the dynamic 
design of this position control is the same as the roof and t loot* controllers. 
The rate feedback limit jOAMM * 3.8 cm/sec. (1.5 in. /sec)] is sized to pri>- 
diice 9St. iM the change from takeoff to reverse area in less than one second, 
with no subsequent overshoot of reverse area. This is best explained by a 
transient in the report section on ’’Simulation Results.” As shown in Figure 
the actuation time fri'm lt>,452 to 2h,452 cm*^ (2550 to 4100 in.') of exhaust 
nozzle area (i.o., approximately 951 of the change from takeoff to reverse 
area) is 0.85 seconds; this is followed by a gradual increase to the final 



reverse area. A larger rate feedback limit would produce more anticipation 
of reaching the final reverse area and, thus, Increase the time for 95% of 
the area change. Reducing the rate feedback limit would produce less antici- 
pation and eventually lead to transients which overshoot the final reverse 
area. 

Digi ta l Electronic Portion of Inlet Duct Mach Number Control - The simu- 
lation has been used to develop the design and specifications for the digital 
electronic portion of the Inlet duct Mach number control. Appendix B con- 
tains the block diagrams and the specifications for gains, time constants, 
limits, and schedules which currently define the digital electronic portion 
of this control for the first build of the experimental engine. The model 
used In simulation studies represents those details In Appendix B which have 
been essential to develop/evaluate the steady-state stability and transient 
response of the UTW experimental engine and overall control system. The 
model includes the Appendix B specifications for gains, time constants, 
limits, nozzle area roof schedule, transient reset logic, and switching logic 
between automatic forward and reverse thrust. When the irrw simulation was 
being developed, the nozzle area floor limit controller was not included in 
the hybrid simulation. This floor controller limits minimum opening of the 
nozzle, and selection of this controller is not expected during steady state 
or transient operation at experimental engine test conditions (Note: Selection 

normally can occur at high altitude, high Mach number flight condition). 
Furthermore, the dynamic declgn of the floor controller is the same as the 
roof controller. Therefore, omission of this controller is judged reasvMiable 
when considering available computer equipment should be used to represent 
control functions more important to establish the UTW experimental engine 
control design. 

The model for the inlet duct Mach number controller Includes 0.01 second 
lag time constants for the torque motor driver amplifier and the sensor lags. 
The effect of the digital control computer time delay is approximated by an 
analog type representation similar to that used in the fan speed control - 
the details of which are discussed in the report section on techniques used 
in the ’’Hybrid Simulation.” 

Nozz le Ar ea Hydromechanical Actuation Syste m - The model of this actu- 
ation system is described by the block diagram in Figure 9. As shown, the 
model Includes dynamics associated with the servovalve, the valve pressure 
drop, head and rod actuator areas, friction, and the nozzle actuator load. 

Fan bypass exhaust nozzle area (A18) is a linear function of actuator stroke 
(X18)'. 

Tlu' servovalve is assumed to have no overlap. Thus when current changes 
sign, the supply and return pressu’*es are switched immediately to feed 
w^pposite sides of the actuator pistons. 
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Engine Pressure Ratio and Compressor Stator Controls 


The schematic of the engine pressure ratio and compresror stator con- 
trols is shown in Figure 10. The model includes representations for the 
digital electronic and the hydromechanical portions of the engine pressure 
ratio control and also a representation of the hydromechanical compressor 
stator control. As Indicated by Figure 10, several control modes are accom- 
modated by the engine pressure ratio control. During forward thrust operation, 
the primary control mode is the manipulation of fuel flow to control the 
engine pressure ratio (referred to as EPR, which is the ratio PS3/PT0). EPR 
is a variable related closely to engine thrust. The control mode is changed 
to either the fan speed, core turbine inlet temperature, core idle speed, 
maximum core speed, hydromechanical maximum core speed, WF/PS3 accel schedule, 
or the WF/PS3 decel schedule, whenever the engine tries to operate beyond the 
scheduled limit of any one of these variables. 

For reverse thrust, the primary control mode is manipulation of fuel 
flow to control fan speed. Changl ^ from a primary control mode of EPR-fuel 
flow in forward thrust to one of fan speed-fuel flow in reverse thrust is 
determined by digital control logic, whose state is a function of the reverse 
mi>de command, the reverse interlock adjustments, and the sensed position of 
the fan pitch hydraulic motor. Tlie above mentioned core speed, turbine 
temperature, and accel/decel schedule controllers are selected during reverse 
thrust, whenever the engine tries to operate beyond the scheduled limit of 
any one of t !iese variables. The digital switching logic opens the signal 
path from the output of the EPR controller to the control mode selector logic 
and thus to the fuel servovalve during reverse thrust operation. Therefore, 
the EPR-fuel flow control mode is not used in reverse thrust. 

The following paragraphs discuss the operation and dynamics of the EPR 
control. Details included in the models for the digital electronic and 
hydromechanical portions of this control and also the compressor stator 
control are described next. 


EPR Control Operation - For forward thrust in the approach through take- 
off power setting range, fuel flow is manipulated to control EPR (i.e., 
PS3/PTO), Inputs to the EPR controller are the scheduled and the sensed PS3/ 
PTO, and their difference is compared with the lagged r to of cliange of sensed 
metering valve position. When the engine operates within the core speed, 
core turbine Inlet temperature, and accel/decel schedule limits, the differ- 
ence between t lu' PS3/PTO error and the sensed valve rate t lien determines the 
torniie motor current output (1^^ from the digital control. This current 
positions an e U ct ro-hvdromechanical servovalve which is ported to the meter- 
ing valve power piston. The magnitude and polarity of the current (Ty) thus 
iletermlnes the rate and direction of metering valve power piston position. 

The metering valve area is proportional to the square of the power piston 
position (XMV); a pressure regulator maintains a constant pressure drop 
acri^ss the metering valve; and, thus, the metered fuel flow to the engine is 
proportional to the square of the power piston position. 
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Figure 10. Core Engine Pressure Ratio and Compressor Stator Control Model 




























For small perturbations, the transfer function from PS3/PT0 error to 
fuel flow Is approximated at low frequencies by: 


A Fuel Flow : K(0,25 S-fl) 

A PS3/PT0 Error S(0.1 S-t-1) 

The gain (K) varies with respect to the square law shape of the metering 
valve area. The lead time constant in this transfer function is due to, and 
thus equal to, the time constant of the above mentioned lag on the rate of 
change of sensed metering valve position. In summary, the PS3/PT0 - fuel 
flow control is an integrating type control with lead- lag compensation and is 
designed to provide accurate control of PS3/PT0. 

The dynamic designs of the limit controls for core speed, fan speed, and 
turbine inlet temperature are similar to the PS3/PT0 control design, in that 
each is an integrating type control. They differ in the respect that these 
limit controls employ lead compensation and not lead-lag compensation. To 
compensate for engine and sensor lags, lead time constants are 0.5 seconds 
for the maximum core speed control, the idle core speed control, and the fan 
speed control; a 0.1 second lead time constant is used in the core turbine 
inlet temperature control. 

During engine accelerations, fuel flow is limited by the WF/PS3 accel 
fuel schedule, which is a function of both the core speed and compressor 
inlet temperature. The time constant of the inlet temperature sensor is a 
function of the inlet airflow to the compressor. 

During transients to reverse thrust, the control logic operates in the 
following manner: 

• When the reverse push button is activated, the control mode is 
switched from PS3/PTO - fuel control mode to the core speed - fuel 
control mode. The core speed demand Is set at a flight idle 
position, which causes the fuel flow and, thus, core speed to decrease. 

• When fan pitch angle passes a predetermined Interlock position, the 
control mode is switched from the flight idle core speed - fuel 
control mode to the fan speed - fuel control mode. 

For transients from reverse back to forward thrust, the control mode is 
switched from the fan speed to the flight idle core speed - fuel control 
mode, and finally back to the PSi/PTO - fuel control mode wlien fan pitch 
angle passes the predetermined interlock release position for reverse to 
forward thrust transitions. 

D igital Klectronic Portion of Engine Pressure Ratio Control - The simu- 
lation has been used to develop the design and specifications for the digital 
electronic portion of tlu* PPR control. Appendix C contains tlie block diagrams 
and specif leal ions for gains, time constants, and schedules which cuirently 
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define the digital electronic portion of this control for the first build of 
the UTW experimental engine. The model used in simulation studies represents 
those details in Appendix C which have been essential to develop/evaluate the 
steady state stability and transient response of the UTW experimental engine 
and overall control system. The model includes the Appendix C specifications 
for gains, time constants, limits, power setting schedule, T 3 sensor dynamics, 
switching logic between automatic forward and reverse thrust, and the reverse 
interlock adjustments. The EPR takeoff schedule, the remote WF control input, 
and the logic for detecting a fan speed (NIT) feedback sensor failure are not 
Included in the simulation; the Judgment is that these items are not essential 
in predicting stability and transient response at experimental engine test 
conditions. 

The model includes 0.01 second time constants to represent the dynamic 
lags of the fan and core speed sensors, the metering valve position sensor, 
and the torque motor driver amplifier. The sensor dynamics for compressor 
discharge static pressure (PS3) is represented by a 0.02 second lag time con- 
stant. The T 3 sensor lag is a function of compressor discharge airflow, 
i.e., Tf 3 ■ f (W 3 ) . The effect of the digital control computer time delay is 
approximated by an analog type representation similar to that used in the fan 
speed-variable-pitch control, which is discussed in the report section on 
techniques used in the "Hybrid Simulation." 

Hydromechanical Fuel Control Model - The model of the hydromechanical 
fuel control is described by the block diagram in Figure 11. This model 
Includes the hydromechanical core speed backup control, the accel and decel 
schedules, the torque motor servovalve (fed by Iw from the digital control), 
and the logic for selecting one of these to control the metering valve power 
piston position (XMV). 

For small perturbations, the transfer function of the hydromechanical 
core speed backup control is approximated at low frequencies by: 


A Fuel Flow ; K(0.5 S+1 ) 

A Core Speed Error S 

The gain (K) varies with respect to both the level of core speed and the 
square law shape of the metering valve area. This backup control is an 
integrating type control with a 0.5 second lead to compensate for < he engine 
lag. 


The temperature (T2S) and pressure (PS3) sensor lags are contained in 
the model. The lag time constant (TpoT) for the T25 sensor is a function of 
compressor inlet airflow (W25) . The lag time constant for the PS3 sensor is 
0.02 seconds. 
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The hydromechanlcal power lever angle and the naximun core apeed ached- 
ule of NHD " f(PLA) have not been Included In the model. A conatant NHD of 
14,460 (i.e., lOOZ core apeed) haa been uaed in the model and almulatlon 
atudlea to date, baaed on the aaauaptlon that the power lever la aet for the 
high apeed flat. 

FlOl teat data indicate that the manifold and combuatlon time delay la 
approximately 0.025 aeconda. Thia time delay haa been approximated by a 
0.025 aecond firat order lag. 

Core Compreaaor Stator Control Model - The core compreaaor atator vanea 
are poaltloned by a hydromechAnlcal control. Aa ahown in Figure 12, a cam 
achedulea the atator poaition aa a function of aenaed core apeed (NHS) and 
aenaed compreaaor inlet temperature (FDTs). The error between the acheduled 
and mechanical feedback from the atator actuator piatons determinea the flow 
to theae platona. The reaponae of thia pcaltlon control ia repreaented by a 
first order lag, whose time constant (TCBETH) is in the 0.03 to 0.05 second 
range. TCBETH is a linear function of fuel flow and approximates the dynamic 
effect of fuel pump discharge pressure, which ia the power source for opera- 
ting the stator actuators. 
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HYBRID SIMULATION 


The hybrid simulacions of the QCSEE UTW forward and reverse thrust 
models were constructed at the General Electric AEG Dynamic Analysis Sim- 
ulation Center. The simulacions were Implemented on an EAI 690 Hybrid 
Computing System which consisted of two EAI 680 Analog Computers with a total 
of 224 amplifiers, an EAI 693 Hybrid Interface Unit with 64 channels for A/D 
and D/A conversion, and an EAI 640 Digital Computer with a 16,000 word core 
memory. Peripheral equipment Includes two EAI 8875 8-channel strip chart 
recorders, an EAI 600 high speed line printer, an EAI 500 card reader, and X- 
Y recorders. 


Techniques 


The digital computer was used primarily for function generation and 
nonlinear operations. It was also use*' .o provide steady-state output of 
significant engine variables from the forward thrust simulation on the high 
speed line prln Tb “"^log computers were used primarily for simulation 

of dynaml . 'ind engine pressures and gas flows. Transient data 

was ou. 'omputer to the strip chart and X-Y recorders. 

The splxt • > ' il load between Che analog and digital computer 

portions of o. ^ urid (see Table I) was based on previous experience 

with similar engine models. 


Table I. EAI 690 Hybrid Computation Split. 


EAI 640 Digital 

EAI 680 Analog 

Function generation and calcu- 
lations for: 

Calculations for: 

Inlet 

Inlet input 

Fan 

Fan iteration 

Fan nozzle 


Compressor 

Compressor heat soak 

Combustor 

Compressor discharge pressure 
Combustion delay 

Mixing at 41 

Turbine heatsoak 

HP Turbine 

HPT inlet pressure and flow 

Mixing at 49 

Temperature and flow at 49 

LP Turbine 

LPT inlet pressure and flow 

Mixing at 55 
Core Nozzle 
Thrust 

Temperature and flow at S3 

Main Engine Control 

Control Dynamics 
Rotor Dynamics 


ORIGINAL PAGE IS 
OK POOR QUALITY. 



The digital prograa for simulating tha UTW forward thruat angina and 
control modal raquirad approximataly 15,500 words of cora mamory. Tha ra- 
suiting digital sampling intarval (with ataady analog Inputa) was approx- 
imataly 60 millisaconds. As a consaquanca, tha simulation was oparatad at a 
tima basa which is 20 tlmas slowar than raal time. 

Tha digital program for simulating tha ravarsa thrust aofial raquirad 
about 2900 words lass maowry than tha forward thrust model, but most of this 
reduction was due to eliminating tha portion of tha digital program which 
providaa tha staady-atata printout of angina variables. Tha simulation of 
tha reverse thrust nodal was oparatad at tha same 20 to 1 tiM basa. 

Tha simulation of tha digital electronic control computer portions of 
tha fan spaed, tha Inlet duct Hach number, and tha angina pressure ratio 
controls is primarily contained on tha analog portion of the hybrid computer. 
As a conaaquance, the simulation does not account for round-off errors asso- 
ciated with the 12-blt words in tha dlgltnl control computer. It has been 
assumed that the software program for the digital control computer will be 
scaled/dasignad to prevent deteriorating affects of round-off errors on 
control performance. 

The simulation of tha three above mentioned controls includes an approx- 
imation for the effect of tha digital control computer time delay on each. 

The current estimate for the total cycle time of the control computer is 
0.010 seconds (this has been estimated by the computer design group prior to 
completion of tha software program). An analog type representation is used 
to simulate this cycle time; it includes an estimate for the sample data 
effects of digital to analog conversion (Reference 2), which is 0.005 seconds. 
Therefore, the analog of the digital control computer time delay is repre- 
sented by total delay of 0.015 seconds, which has been approximated by a 
first order lag whose time constant is 0.015 seconds. This first order lag 
representation provides a reasonable approximation for phase shift in the 
r utge of the control loop crossover frequencies (Important for stability 
considerations). This lag docs provide some effect of time delay during 
large transients, but not precise. A 0.015 second l.ng Is included in the 
simulation of each the fan speed, the inlet duct Mach numher, and the engine 
pressure ratio controls; these lags are located just prior to the analog 
amplifiers which simulate their respective torque motor driver amplifiers. 


Simulation Verification 

The simulation of the forward thrust model was compared with the tech- 
nical requirements cycle deck at four operating points which were felt to be 
of primary importance for current and future control studies. Th«.se points 
were takeoff, 652 of takeoff, and 152 of takeoff net thruat at the sea level 
static, standard day flight condition and also 16,587 N (3729 lb) net thrust 
at a flight condition of 9144 m (30,000 ft), 0.8 Mach number, and >18 degrees 
Kankine above standard day ambient temperature. The comparison data were 
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Table II • Steady-State Verification Data for UTW Forward Thrust 
S Imulat ion (Cone luded ) . 


16,587 N (3729 lb) Net Thrust 
9144 m (30,000 ft), 0.8 Rich 
No., +18* Above Std. D.iy 
Ambient Temperature 


ISZ of Takeoff, Sea Level 
Static, Standard Day 


Percent 

Error 


Percent 

Error 


Simulation 


Simulation 


CASE 

ALT 

XM 

DTAMB 

FN 

XMll 

ROPDEG 

XNL 

W2A 

SMI 2 

A18 

XNH 

W25 

T25 

SM25 

T3 

P3 

PS3 

WFE 

W8 

T8 












gouoraloil by sotcinK simulation fuol I low% pitch angle, aiul fan exhaust nor- 
f.le area at tlie cycle deck values. The cycle deck data, simulation data, and 
percent error are slu>wn In Table ll. 

The simulation data In Table 1 1 slu>ws good agreement with the cycle dock 
at the takeoll tlirust. the bf>X of takeoff thrust, and the lh..S87 N (\27^ lb) 
net thrust operating points. All percent errors are less than l.h? except 
for fan stall margin 1SM12) and core stall margin (SM.Sl . Although the 
percent errors for SM12 range as high as 3.3X. the actual difference In terms 
of stall margin Is 0.4?»X or less. For the above operating points, percent 
errors for SMi?S range from -0.94X to -2.07X; however, the largest core stall 
margin difference Is -0.3^t. Agreement deteriorates at the 1ST of takeoff 
thrust operating point, wliere a 4.02X error Is Indicated for net thrust (KN). 
This det er lorat Ion can be attributed to several factors, which Include round- 
off errors, truncation errors, and map Inaccuracies due to linear interpola- 
t ion. 


A similar comparison Is made for the reverse thrust simulation. Since 
coitirol schedules had been developed which were dlffeient from th«' prellml- 
narv technical requirement cycle data, the forward thrust simulation was used 
to provide baseline data takeoff and n.'X of takeoft net thrust at the sea level 
static condition. Technical reqtilrements cycle deck data were used for full 
reverse through stall and full reverse through flat pitch. Simulation data 
for the torward thrust mode were generated using the control, while reverse 
thrust simulation data were generated bv fixing fuel flow and fan pitch angle. 
The compai Ison data are piesenteil in Tables III and IV. ttood agreement is 
slu>w*n in the forward thrust UK>de and reverse through stall with less than 
l.St erii>r. fhe reverse through l lat pitch data indicate a fan problem with 
a l.?.n/!l error in net tlrusi. 

Since the simulation was developed prior to anv testing of the VW 
engine at\d the control system hardware, it was not possible to verify tran- 
sient operat lott ot the simulation. However, it was considered important to 
invest Igati' the etlect of the simulaf ion time base on trattslents. Slmulat ion 
trai\slents were run at a time b.ise lOO times slower than re.i I tiuu't there was 
no observable difterence between these transients and those obtained with t lu' 
20 to I time base. fhe conclusion was that the hvbriil ii>mputer iligltal 
coinput at l4>n time, the ana K\g/il ig i t a I multiplexer skewing, and iteration 
ilvn.imlcs had negligible eftecl on transient results when using t lu' .'0 to I 
t Inu' base in the slmul.it ion. 
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Table III. Steady-State Verification Data For UTW Reverse Thrust Simulation. 










Table IV. Steady-State Verification Data tor UTW Reverse Tlirust Simulation 

(In Reverse Thrust Mode) 


Max. Rev. (Thru Flat) 
Sea Level Static, 4-Jl® 
Above Std. Day Ambient 
Temperature 


Percent 

Simulation I Error 










SIMULATION RESULTS 



Forward Thrust Transient Response 


One of the QCSEE program objectives Is to develop the technology which 
will yield the engine thrust response characteristics required for powered- 
11ft operations. This objective Is quantified Into the specific requirement 
that the propulsion systems shall be designed to meet the dynamic response at 
altitudes up to 1829 m (6000 ft) as defined In Figure 13. To simplify the 
discussion of transient response, the overall requirements defined In Figure 
13 were Interpreted as a response time from 62 to 95 percent net thrust In 
one second. 

The forward transient thrust characteristics of the UTW experimental 
engine were studied at the sea level static (SLS), standard day condition. 

The overall results of these studies are shown In Figure 14, which depicts 
time to 93 percent net thrust as a function of Initial power setting. This 
figure shows that the time from 62 to 95 percent net thrust for a nominal 
control design is 0.85 seconds. Simulation results indicate that response 
times will decrease slightly as altitude is increased up to 1829 m (6000 ft). 
The conclusion from these results is that the experimental engine will meet 
the thrust response requirement. 

Simulated Go-Around Maneuver - For this study, the approach thrust con- 
dition was defined as 62 percent net thrust. At this thrust condition, the 
control output variables are scheduled as follows: 

• Fuel flow Is manipulated to maintain the scheduled engine pressure 
ratio 

• Fan exhaust nozzle area is opened to reduce thrust; the area roof 
controller limits and controls the nozzle at the scheduled roof 
area for 62 percent power setting. 

e Fan pitch angle is closed to maintain a high fan speed; the fan 

pitch floor controller limits and controls the pitch at the sched- 
uled floor angle of + 2 degrees (closed) for 62 percent power 
setting. (Note: For the simulation studies, the fan pitch floor 

schedule limits the angle to the + 2 degree closed position due to 
fan model limitations. This + 2 degree limit at 62 percent net 
thrust prevents the simulation from operating in an ill-defined 
region of the fan map. During experimental engine test at 62 per- 
cent net thrust, it expected that the floor schedule will be 
adjusted to permit further closure of fan pitch; this will provide 
the capability to manipulate the fan pitch and thus control and 
maintain the fan speed at the takeoff value of 3065 rpm.) 
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The left head portion of Figure 15 ehowe the epeeifie veluee of eelected 
engine end control veriablee at the 62 percent net thrust condition* The 
transient values of these variables after a step increase in power setting 
are also shown. 

The control system is designed to provide the required transient response 
and to maintain safe engine operation. As shown in Figure 15» 

e The transient thrust response time from power setting change to 
achievement of 95 percent thrust is 0.85 seconds* 

e The fuel flow is increased, but limited by the acceleration fuel 
schedule to prevent compressor stall and excessive turbine over<> 
temperature. Minimum compressor stall margin is 15.5 percent and 
turbine temperature peaks 140 degrees above the final teiq>erature. 

e The fan exhaust nozzle is rapidly moved to a position slightly less 
than takeoff area. This action provides a rapid Increase in thrust 
(62 to 78 percent in 0.3 seconds) and limits the inlet Mach number 
overshoot to 0.02 above the final steady state value of 0.78. 

e The fan pitch is rapidly opened to close proximity of the final 
takeoff position by the transient reset function in the control. 

This action is also a contributing factor in producing the above 
rapid thrust Increase during the first 0.3 seconds. At approxl- 
ziately one second after the step Increase in power setting, the 
transient reset function is removed, and fan pitch is manipulated 
to control the fan at the takeoff speed. The fan pitch closes 
slightly and then opens while settling to the final, steady-state 
fan speed. 

Acceleration Study - The specified tolerance for the UF/PS3 acceleration 
fuel schedule in the hydromechanical control affects the core engine acceler- 
ation time, which, in turn, affects the time to achieve 95 percent net thrust 
during a throttle burst from 62 to 100 percent net thrust. In this engine 
operating range, the specified tolerance for the acceleration fuel schedule 
is ±4 percent from nominal. The effect of this ±4 percent tolerance on tran- 
sient response was Investigated on the simulation. The results in Figure 16 
show the response t.^joe trend as a function of the accel fuel schedule toler- 
ance. In this figure, the time scale multiplier Indicates the time to acceler- 
ate from 62 to 95 percent thrust as compared to the baseline case of zero 
accel fuel schedule tolerance. In particular, this figure shows that the 
nominal response time from 62 to 95 percent net thrust should be multiplied by 
approximately 1.3 when the accel schedule operates at the -4 percent tolerance 
limit and by approximately 0.85 for the '^4 percent tolerance limit. As 
indicated in a previous paragraph, the baseline thrust response time from 62 
to 95 percent net thrust is 0.85 seconds. Therefore, the predicted range on 
this thrust response time due to accel schedule tolerances is 0.72 to 1.10 
seconds. The 1.10 seconds is not a concern item for the experimental engine 
test since the specific gravity adjustment in the hydromechanical fuel control 
can be used to compensate for a negative tolerance on the accel fuel schedule. 
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Ptc^Iwatloo Study - Th« control oyscon lo doolgnod to provide foot 
doeolorntlon cnpnbllity and to maintain aafa angina oparation. A throttle 
chop from 100 to 62 percent net thruat ia ahown in Figure 17. The left hand 
portion of thia figure ahoua the apecific valuao of aalactad angina and con- 
trol variablaa at the 100 percent net thruat condition. The atart of the 
dacalaration to 62 percent net thruat ia indicated by the atap dacraaaa in 
power aatting. Aa ahown in Figure 17: 

a The fuel flow ia dacraaaad, but United by the dacalaration fuel 
achadula to prevent combuator blow out. 

a Thruat dacraaaaa aa the core and fan rotora begin thalr dacalar- 
ation. 

a The fan pitch ia moved rapidly to cloaa proximity of the achadulad 
floor limit (i.a.f ttro dagreaa cloaad) at the 62 percent power 
aatting. Thia action ia a contributing factor in producing the 100 
to 80 percent thruat reduction during the flrat 0.5 aaconda. 

a The fan axhauat nozzle la opened to ita acheduled roof Unit at the 
62 percent power netting. The core and fan rotora underahoot their 
final value aa the nozzle ia opening. 

a The tranaient time to 62 percent thruat ia about 0.9 aeconda. 

a During thia deceleration tranaient, a rather uniform increaae in 

fan atall margin ia maintained until the ayatem aettlea to the 
final thruat. 


Reverae Thruat Tranaient Reaponae 

One of the QCSBE program ob.iectivea ia to develop the technology which 
will yield feat thruat reveraal capability for the powered-lift ayatem. A 
key factor in achieving thia objective ia the deaign and evaluation of the 
control ayatem logic. Thia control logic muat operate to poaition the 
variable geometry while maintaining aafe engine operation during the tran- 
aition to reverae. The purpoae of thia atudy on reverae tranaient reaponae 
waa to evaluate the propoaed control logic. 

The apecific tranaient requirement la that thrust reveraala from maximum 
inatalled net forward thrust to maximum reverae thrust shall be achieved in 
less than 1.5 seconds. This requirement has been interpreted to mean that 
reverse thrust shall settle to greater than 95 percent of the final value in 
less than 1.5 seconds after receipt of the reverse command. Figure 16 depicts 
this interpretation. 

In the UTW experimental engine, the variable-pitch tan will be used to 
reverse direction of the fan duct airflow and thus provide reverse thrust. 

TWO directions for changing fan pitch angle are to be demonstrated; one is 
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Figure 17, Transient Reaponae for Thtottle Chop from 100 to 02% Net 
Thrust at Sea Level Static» Standard Dayi Zero Bleed, 
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the forward to reverse pitch angle changes through stall Ci*A*» feather); the 
second Is angle changes through flat pitch* During transitious between the 
forward and reveres thrust fan pitch angle positicms* the fa** shaft power 
absorption decreases and* thus* causes a tendency for the fan to accelerate. 
Quantitative Infomation on fan horsepower during transition does not exist 
at this point in tlM UTW experimental engine development program and will not 
be known until the fan is tested on the engine. It is expected, however, 
that transitions through flat pitch will have less fan shaft power absorption 
and, thus, more tendency to overspeed when compared to revecae transients 
through stall. 

Because of the unknown fan shaft power absorption level, the simulation 
has been used to Invostlgate a range of minimum fan horsepowers during the 
transients to reverse. The objective has been to determine the range of con- 
trol adjustments needed to prevent excessive fan speeds and yet achieve the 
required transient time of 1.5 seconds during experimental engine testing. 
This study on reverse thrust transients was performed at the Sea Level Static 
(SLS), Standard Day condition. 

Reverse Transients Through Stall - A transient from takeoff power to 
maximum reverse through stall is shown in Figure 19. The initial condition 
in this figure shows the specific values of selected engine and control 
variables at the takeoff power condition. The transient to reverse is ini- 
tiated by the reverse command. Upon receipt of this signal the control 
system operates as follows: 

e Power control of the engine is switched from the pressure ratio - 
fuel control mode to a core speed - fuel control mode. The core 
speed demand is set at a flight idle position, which causes the 
fuel to decrease. 

e The fan pitch ai^le is opened to a predetermined reverse position. 

e The fan nozzle is opened to a predetermined reverse position. 

e When fan pitch angle passes a predetermined Interlock position, the 

power control of the engine is switched from the flight idle core 
speed - fuel flow control mode to the fan speed - fuel flow control 
mode. 

As shown in Figure 19, the nozzle area and fan pitch are moved rapidly 
from the takeoff to the reverse position. Fuel flow is reduced and produces 
a corresponding reduction in turbine inlet temperature and core speed. Fan 
speed decreases and then Increases due to the expected reduction in fan 
horsepower during transition through stall. For the transient in Figure 19, 
the pitch angle - fuel flow Interlock position is set at -80 degrees. (Note: 
Reverse transients through stall were performed for Interlock positions over 
the range from -20 through -80 degrees; also, the digital control hardware 
includes an engineering panel adjustment input so that final Interlock 
positions can be established during experimental engine test.) When pitch 
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angle passes through the 80 degree Interlock point » the power control is 
switched to the fan speed - fuel flow control node. Since fan speed is shove 
the final value, fuel flow continues to decrease and elinlnatas the fan speed 
error to achieve the final steady state speed. Reverse thrust ia achieved in 
approxinately 0.7 seconds after initiation of the reverse contand. 

Time from forward to reverse thrust ia affected by many variables. Some 
of these are: 

e Core speed idle speed setting > too low of a setting will cause 
excessive reversal times and too high of a setting will cause the 
fan to accelerate. 

e Minimum fan horsepower absorption In stall - the absolute level and 
its variations are not predictable. Horsepower absorption will 
affect times to reverse since it will affect the transient fan 
speed characteristics, idilch must be controlled to provide engine 
protection. Figure 20 shows the range of minimum fan horsepower 
considered In this simulation study. 

e The pitch angle - fuel flow interlock point - early releases should 
reduce time to reverse but may cause a tendency for the fan to 
overspeed. 

# Fan pitch rate of change 

e Fan exhaust nozsle rate of change 

a Dynamics associated with airflow reversal in the fan and its duct 

e Fan stall recovery point of the fan during the reverse transient. 

The first three of the above mentioned variables were Jointly investi- 
gated on the simulation. The purpose was to determine the variation in 
engine transient characteristics with several levels of minimum fan horse- 
power absorption, core idle speed settings, and pitch angle interlock points. 
For the conditions investigated, the results indicate that the core idle 
speed adjustment should be set between 11,700 to 12,500 rpm. With this core 
idle speed adjustment range and the capability to adjust the pitch angle 
interlock release point, the simulation predicts that the experimental engine 
will achieve reverse thrust in less than l.S seconds without excessive fan 
speeds. 

The last four items mentioned above were not investigated on the engine 
simulation. Sufficient data were not available to model and investigate the 
fan stall recovery point and the dynamics associated with airflow reversal. 

The fan exhaust nozzle rate of change was not Investigated because the system 
is designed for rapid nozzle opening to reduce forward thrust. However, the 
control system hardware is designed with an adjustable nozzle rate limit so 
that this parameter may be investigated during experimental engine testing. 

The fan pitch angle rate of change was not investigated because it is expected 
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8,000 
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4,101 kW (5500 hp) 


3,355 kW (4500 hp) 


4,000 


Reverse 


2,000 


15,000 


Takeoff 


1,491 kW (2000 hp) 
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Figure 20. Fan Horsepower Transient Versus Fan PI tcli Angle During Transition 
from Takeoff to Maximum Reverse Tlirust Through Stall, 
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that a rapid rate of blade angle change is required to reduce the fan stresses* 
However, the control system hardware is designed with an adjustable fan pitch 
rate limit so that this parameter may be investigated during experimental 
engine testing* 

Reverse Transients Through Flat Pitch - A transient from takeoff power 
to reverse through flat pitch is shown in Figure 21. The left hand portion 
of this figure shows the specific values of selected engine and control vari- 
ables at the takeoff power condition. The transient to reverse is initiated 
by the reverse command. Upon receipt of this signal, the control logic 
causes the fuel flow to decrease, the fan nozzle to open to its reverse 
position, and the fan pitch to close to its reverse position. For this 
transient, power control of the engine is switched from the pressure ratio - 
fuel flow mode, to the core speed - fuel control mode, and finally to the fan 
speed - fuel flow control mode, in the same manner as described in the 
report section on reverse transients through stall* 

As shown in Figure 21, the nozzle area and fan pitch are rapidly moved 
from the takeoff to their reverse positions. Fuel flow is reduced and pro- 
duces a corresponding reduction in turbine inlet temperature and core speed. 

Fan speed increases due to the low level assumed for fan shaft horsepower 
absorption [minimum * 1.5 Mw (2000 horsepower)]. For the transient in Figure 
21, the pitch angle - fuel flow interlock position is set at + 70 degrees. 
(Note: Reverse transients through flat pitch were performed for interlock 

positions over the range from + 30 to + 70 degrees; also, the digital control 
hardware includes an engineering panel adjustment input so that final inter- 
lock position can be established during experimental engine test.) At the 70 
degree interlock point, the decel schedule continues to control fuel flow 
because the fan speed is above the final value. As the fan decelerates, fuel 
flow increases in order to control the fan at the final speed level* 

The takeoff to reverse transient in Figure 21 predicts that fan speed 
will exceed the maximum reverse thrust speed limit of 3408 rpm (i.e., fan 
turbine speed * 8400 rpm) when the fan shaft power absorption reduces to the 
1.5 Mw (2000 hp) minimum during the transition. Simulation results in T^blc. 

V show that reductions in the core idle speed adjustment does not reduce the 
peak fan speed below 3500 rpm, and therefore, speed still exceeds the maximum 
limit. A potential design change to reduce the above peak fan speed is to 
delay closing the fan pitch to its reverse position. This involves adding 
more logic to the control design for the experimental engine and thereby 
having different logic for reverse transients through stall pitch and through 
flat pitch. The decision has been to continue with the original control 
logic design until quantitative information on fan shaft power absorption has 
been determined from the fan evaluation portion of the engine test program* 

This decision was based on the following considerations: 

• Delay in closing fan pitch to reverse position could cause unaccept- 
able transient times to reverse thrust. 

• Reverse thrust transients through stall pitch had been selected as 
the primary mode. 
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Table V. Effect of System Variables on Peak Fan Speed During Forward to 
Reverse Thrust Transients Through Flat Pitch. 


Forward 

Thrust 

Power 

Setting 

(%) 

Forward To 
Reverse 
Interlock 
Position 
(Deg) 

■" 

Minimum Fan Shaft 
Power Absorption 

Core 

Idle 

Speed 

Adjustment 

(rpm) 

Peak Fan 
Speed During 
Transition 
To Reverse 
(rpm) 

MW 

(Horsepower) 

100 

70 

1.5 

2000 

11400 

>3500 

100 

70 

1.5 

2000 

11000 

>3500 

100 

70 

1.5 

2000 

10800 

>3500 

60 

70 

1.5 

2000 

11400 

3110 

60 

70 

1.5 

2000 

11000 

3100 

60 

30 

1.5 

2000 

11000 

3120 

50 

70 

1.5 

2000 

! 

11400 

2825 

50 

70 

1.5 

2000 

11000 

2740 

100 

70 

3.4 

4500 

11000 

3440 

65 

70 

3.4 

4500 

11000 

3070 

60 

70 
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• As shovm by simulation results in Figure 22, the original control 
design can be used for reverse transients which start from power 
settings in the approach thrust range (l.e., 60 percent power 
setting) . 
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SUMMARY OF RESULTS 


Hybrid simulations of the UTW experimental engine have been constructed 
and used to develop the control system dynamic design. The engine simulation 
for forward thrust was based on the digital cycle deck used to generate the 
QCSEE preliminary technical requirements. Simulation results for throttle 
bursts from 62% to 100% net thrust predict that the experimental engine will 
meet the dynamic thrust response requirement of 62% to 95% net thrust in one 
second. Results for transient stall margins, temperature, and inlet Mach 
number Indicate that safe engine operation will be maintained during this 
engine transient. Transient results also predict fast, safe deceleration 
capability during throttle chops. 

A range of minimum fan shaft power absorption has been considered in the 
engine simulation for reverse thrust since experimental data are not yet 
available. Absolute levels and variations of minimum power absorption affect 
peak fan speed during the transition from forward to reverse. Currently, the 
minimum power levels are not predictable; however, it is expected that power 
absorption during fan blade transitions through flat pitch will be less than 
the power absorption for transitions through stall. 

For the conditions investigated during takeoff to maximum reverse thrust 
through stall, simulation results predict that the experimental engine will 
achieve reverse thrust in less than 1.5 seconds without excessive fan speeds. 

For the fan loading Investigated for the takeoff to maximum reverse tran- 
sient through flat pitch, the predicted fan speed will peak over the maximum 
reverse speed limit. A design change to the control logic would be needed to 
reduce peak fan speed for this transient. Results Indicate that the current 
control design will prevent excessive fan speeds if transients to reverse 
start from forward power settings of 60% or lower. The decision has been 
made to continue with the current control logic design until substantial 
quantitative information on fan shaft power absorption has boon determined in 
the fan evaluation portion of the experimental engine test program. 
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APPENDIX A 


UTW FAN SPEED DIGITAL ELECTRONIC CONTROL BLOCK DIAGRAMS AND SPECIFICATIONS 

(For Experimental Engine) 


Included in this appendix are the detailed block diagrams and the 
specifications for schedules, gains, time constants, and limits which 
currently define the digital electronic portion of the fan speed control 
for the first build of the UTW experimental engine (Figures 23 through 29 
and Tables VI through VIII). 
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I^urc 23. Digital Electronic Fan Speed Control Block Diagram. 
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Digital Electronic Fan Speed Control. 
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APPENDIX B 


UTW INLET DUCT MACH NUMBER DIGITAL CONTROL BLOCK DIAGRAMS AND SPECIFICATIONS 

(For Experimental Engine) 


Included in this appendix are the detailed block diagrams and the 
specifications for schedules, gains, time constants, and limits which 
currently define the digital electronic portion of the inlet duct Mach 
number control for the first build of the UTW experimental engine (Figures 
30 through 34 and Tables IX, X, and XI). 
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FlRure ;M. Diirltnl Electronic Inlet Duct Mach Number Control Schedule 
for Manual X18 Schedule V5, Manual XI 8 Adjustment 
Potentiometer. 
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APPENDIX C 


UTW ENGINE PRESSURE lUTlO DIGIT/VL CONTROL BLOCK DIAGRAMS AND SPECIFICATIONS 

(For Experimental Engine) 


Inelmied In this appendix are the detailed block diagiams and the 
spec ii icat ions for scliediiles, gains, time constants, and limits whicli 
currently define the digital electronic ]iortion of the engine pressure 
ratio central for the first build of the UTIV experimental engine (Figures 
35 through 40 and Tables XII through XVO . 
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Figure 39, Electronic Control Maximum Core Speetl 

Schedule, Experimental Enj;ine . 
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Tabic XII. DlRltal Electronic EnRlno Pressure Ratio Control 
Gains, 
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APPENDIX D 


SYMBOLS 


A18 

ALTK 

"^SV 

BETA 

BETAID 

DLBETA 

DLTO 

F 

FDTg 

FN 

GR 

HCLA2 

HCL555 


K 

NIT 

N2REF 

NHD 

NHS 

PO 

Pll 


Bypass jec nozzle actual area - cm (sq in.) 

2 

Servovalve area - cm (sq in.) 

2 

Total head area for nozzle actuators - cm (sq in.) 

2 

Effective area to represent hydraulic motor leakage - cm (sq in.) 
Altitude - m (feet) 

2 

Total rod area for nozzle actuators - cm (sq in.) 

2 

Servovalve area - cm (sq in.) 

HP compressor stator angle - deg. 

Steady-state HP compressor stator angle - deg. 

HP compressor stator error - deg. 

Addet on free stream total temperature - K (”R.) 

Force - N (lbs) 

Sensed compressor inlet temperature - K C*R) 

Net thrust - N (lb) 

Gear ratio 

HP turbine discharge cooling flow enthalpy - J/kg (Btu/lb) 

LP turbine discharge cooling flow entahlpy - J/kg (Btu/lb) 

Inlet duct Mach momber control servo valve amplifier current - mA 
Fan speed control servovalve ampllflei current - mA 
Engine pressure ratio control servovalve amplifier current - mA 
Gain 

Integration gain proportional to reciprocal of core rotor inertia 

Integration gain proportional to reciprocal of total rotor inertia 
for fan, gearbox, and fan turbine 

Fan turbine speed - rpm 

Maxlmom core speed schedule - rpm 

Maximum core speed limit in hydromechanical fuel control - rpm 
Sensed core rotor speed - rpm 
Hydraulic motor speed - rpm 

2 

Free stream total pressure - N/cm (psla) 

2 

Inlet throat total pressure - N/cm (psla) 
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Appendix D (Continued) 


P12 Fan tip inlet total pressure - N/cn^ (psia) 

P13 Fan tip discharge total pressure - N/coi^ (psia) 

P23 Fan hub discharge total pressure - N/cm^ (psia) 

P2S HP compressor inlet total pressure - N/cm^ (psia) 

P3 HP compressor discharge total pressure - N/cm^ (psia) 

PA HP turbine 1st stage nozzle inlet total pressure - N/cm^ (psia) 

PA9 LP turbine inlet total pressure - N/cm^ (psia) 

P5 LP turbine discharge total pressure - N/cm^ (psia) 

PLA Power lever angle - deg. 

PSll Inlet throat static pressure - N/cm^ (psia) 

PS3 HP compressor discharge static pressure - N/cm^ (psia) 

PS3MEC Control sensed PS3 - N/cm^ (psia) 

PTO Engine nacelle probe total pressure (assumed equal to Pll) - 

N/cm^ (psia) 

PW12 Fan tip power - W (hp) 

PW2 Fan hub power - W (hp) 

PW25 HP compressor power - W (hp) 

PWAl Core turbine power - W (hp) 

PWA9 Fan turbine power - W (hp) 

PWPXH HP rotor power loss - W (hp) 

PWPXL LP rotor power loss - W (hp) 

3 3 

Qgy Servovalve flow - cm /sec (In. /sec) 

Qjj^ Hydraulic motor leakage flow - cm^/sec (in.^/sec) 

3 3 

Servovalve flow to head side of nozzle actuators - cm /sec (in. /sec) 

3 3 

Servovalve flow to rod side of nozzle actuators - cm /sec (in. /sec) 
ROPDEG Fan rotor pitch angle -deg. 

S Laplace variable - sec ^ 

SM12 Percent fan stall margin - % @ constant flow 

SM25 Percent HP compressor stall margin - % @ constant flow 

TO Free stream total temperature - K (®R) 

Til Inlet throat total temperature - K (®R) 

T12 Fan tip inlet total temperature - K (®R) 
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Appendix D (Continued) 


T13 Fan tip discharge total temperature - K (”R) 

T23 Fan hub discharge total temperature - K (*R) 

T3 HP compressor discharge total temperature - K (*R) 

' » HP turbine 1st stage nozzle Inlet total temperature - K (*R) 

T41 HP turbine rotor Inlet total temperature - K (*R) 

T41C Control calculated T41 - K (*R) 

T42P HP turbine discharge total temperature before mixing - K (**R) 

T49 LP turbine rotor Inlet total temperature - K (*R) 

T55 LP turbine frame discharge total temperature - K (”R) 

T5P LP turbine discharge total temperature before mixing - K (°R) 

T8 Primary jet nozzle throat total temperature - K (“R) 

TBLD Fan blade aero load - cm>N/blade (In.-lb/blade) 

TCBETH Time constant approximation for core compressor stator control - sec. 

Total load torque - cm-N (in. -lb) 

W18 Bypass jet nozzle throat total flow - kg/sec (Ib/sec) 

U25 HP compressor Inlet airflow - kg/sec (Ib/sec) 

W2A Fan front face total flow - kg/sec (Ibs/sec) 

W3 HP compressor discharge flow - kg/sec (Ib/sec) 

W4 Combustor discharge gas flow - kg/sec (Ib/sec) 

W41 HP turbine rotor Inlet gas flow - kg/sec (Ib/sec) 

W55 LP turbine frame discharge total gas flow - kg/sec (Ib/sec) 

W8 Primary jet nozzle airflow - kg/sec (Ib/sec) 

'».'C41 HP turbine rotor inlet cooling flow - kg/sec (Ib/sec) 

WFM Engine fuel flow -kg/hr (Ib/hr) 

X18 Nozzle actuator position - cm (in) 

XMO Flight: Mach number 

XMll Inlet throat Mach number 

XMV Fuel metering valve power position - cm (in.) 

XMVACC Main fuel control valve accel schedule limit - cm (in.) 

XMVDEC Main fuel control valve decel schedule limit - cm (in.) 

XNH HP compressor physical speed - rpm 

XNL Fan physical speed - rpm 
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Appendix D (Concluded) 

z”^ Z transform 

2 

AP^ Hydraulic motor pressure drop - N/cm (psl) 

T Time constant - sec 

6^ Hydraulic motor position - revs. 

6^ Position at domstream side of flex shaft - revs. 

6. Position at hydraulic motor side of flex shaft - revs. 

^ 2 
(Pg-P^) Servovalve pressure drop (supply to return) - N/cm (psl) 

Fan rotor pitch angle (same as ROPDEG) - deg. 
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